A spore-forming, halophilic bacterium was isolated from surface sediment located on the beach of Palaeochori Bay near to a shallow water hydrothermal vent area, Milos, Greece. The bacterium, designated SH 714 T , consisted of motile, strictly aerobic rods which contained an Orn-D-Glu type murein and a GMC content of 35 mol%. Thin sections showed a cell wall typical for Grampositive bacteria ; the peptidoglycan layer, however, was very thin. The Gramreaction of the organism was negative. Comparative 16S rRNA gene sequencing demonstrated that the isolate represents a new line of descent within the spore-forming rods branching at the periphery of the rRNA group 1 Bacillus (Bacillus sensu stricto) . The nearest phylogenetic neighbours of the unknown bacterium were Bacillus haloalkaliphilus, Marinococcus albus and Halobacillus species. Based on phylogenetic and phenotypic evidence it is proposed that the unknown bacterium be classified as Filobacillus milensis gen. nov., sp. nov. The type strain is SH 714 T (l DSM 13259 T l ATCC 700960 T ).
INTRODUCTION
Palaeochori Bay on the south-east coast of the island of Milos, Greece, is characterized by a variety of shallow water hydrothermal vents found along tectonic fault lines (Dando et al., 1995) . Although the environmental systems and microbial ecology of deepsea hydrothermal vents has been investigated in some detail (Humphris et al., 1995) , the microbiota of shallow water hydrothermal vents is much less clear. Studies on the micro-organisms from extreme environments, such as hypersaline environments, have revealed the presence of a considerable diversity of organisms, constituting both moderately halophilic as well as halotolerant bacteria (Ventosa et al., 1998 ; Oren, 1999) . The application of molecular genetic [e.g. 16S rRNA gene sequencing, amplified rDNA restriction analysis (ARDRA)] and improved phenotypic approaches (e.g. miniaturized biochemical testing, protein profiling) has aided the recognition of a number of new genera and species which exhibit The GenBank accession numbers for the 16S rRNA gene sequences of SH 714 T and Bacillus haloalkaliphilus are AJ23842 and AJ23841, respectively.
halophilic and\or halotolerant properties [e.g. Bacillus dipsosauri (Lawson et al., 1996) , Bacillus marismortui (Arahal et al., 1999) , Bacillus salexigens (Garabito et al., 1997) , Gracilibacillus (Wainø et al., 1999) , Halobacillus (Spring et al., 1996) and Virgibacillus (Heyndrickx et al., 1998) ]. During the course of an investigation of the aerobic heterotrophic bacterial biota of a shallow water hydrothermal vent system we have used 16S rRNA gene sequencing to phylogenetically characterize a hitherto unknown Bacilluslike bacterium. Based on phylogenetic and phenotypic evidence, it is proposed that the unknown bacterium be classified as Filobacillus milensis gen. nov., sp. nov. H. Schlesner and others 1968), 10 ml ; 0n1 M Tris\HCl buffer, pH 7n5 for liquid medium, pH 8n5 for agar solid medium, 50 ml ; artificial sea water (ASW ; Lyman & Fleming, 1940) , 250 ml ; distilled water to 1 l. For solid medium 18 g agar was added. M36M : Casein after Hammarsten (Merck), 1 g ; yeast extract, 0n25 g ; gelatin, 1n0 g ; HBM, 20 ml ; vitamin solution no. 6, 10 ml ; ASW (3n5-fold concentrated), 970 ml. ASW was modified by addition of the following salts (l − ") : MnCl
METHODS
, 0n26 g. Sampling, enrichment and isolation. Strain SH 714 T was isolated from the beach of Palaeochori Bay near a shallow water hydrothermal vent area, Milos, Greece. At a hot spot (surface temperature 62 mC) in front of the water line a hole of about 10 cm depth was dug and from the accumulating interstitial water a sample was taken with a 20 ml syringe. For enrichment of halophilic or halotolerant bacteria 100 µl of sample was transferred to 50 ml medium M36M. After incubation at 37 mC for 3 weeks, subcultures were performed over various solid media. Upcoming colonies on medium M13(3i) supplemented with 10 % (w\v) NaCl [designated M13(3i)j10 % NaCl] were purified by several successive subcultures from a single colony. Culture conditions. Strain SH 714 T was cultured on M13(3i)j10 % NaCl, Bacillus haloalkaliphilus on medium DSM 31 with the addition of 5 % NaCl, Virgibacillus pantothenticus on nutrient agar plus 4 % NaCl and Escherichia coli on nutrient agar (DSM 1). The strains were incubated aerobically at 37 mC. Electron microscopy. Cells were fixed by adding glutaraldehyde to the medium (final concentration 3 %, w\v). Fixation time was 4 h. The prefixed cells were collected by centrifugation. The pellet was mixed with Noble Agar (Difco) at 50 mC and cut into pieces. After washing with cacodylate buffer (0n15 M, pH 7n2 ; Hayat, 1989 ) postfixation was done for 3 h in a mixture of 2 ml OsO % (4 %)jruthenium red (0n2%)j2 ml cacodylate buffer at 5 mC. Dehydration occurred in a graded series of ethanol. Embedding was done in ERL (Spurr). Sections were cut with a Reichert Ultracut E, mounted on grids and post-stained with uranyl acetate and lead citrate. Electron micrographs were taken with a Philips EM 300 on Kodak electron microscope film no. 4489. Shadow casting of air-dried cells was done with Pt\C at an angle of 35m.
Gram-stain, KOH test, test for aminopeptidase and demonstration of flagella. For testing the Gram reaction two procedures were used : (a) the conventional 4-step Gram stain procedure and (b) the Bacto 3-step Gram stain procedure (Difco). Strain SH 714 T and Bacillus haloalkaliphilus were tested after 6 h, 1, 3, 5, 7 and 12 d growth. The negative control was Escherichia coli and as a positive control Virgibacillus pantothenticus was used. The KOH test was performed according to Gregersen (1978) . -Alanine aminopeptidase was tested by using Bactident Aminopeptidase test strips (Merck). Flagella were demonstrated according to Kodaka et al. (1982) . Biochemical and physiological tests. Hydrolysis of casein, gelatin and starch was performed on solid medium M13(3i)j10 % NaCl except that casein after Hammarsten (2 g), gelatin (2 g) and starch (2 g) were substituted for peptone or glucose, respectively. Hydrolysis of casein was recognized by a clear halo around positive colonies in the turbid medium. The breakdown of gelatin was visualized by flooding the Petri dish with aqueous hot saturated ammonia sulphate. The denatured gelatin caused turbidity of the medium leaving a clear zone around protease-positive colonies. Amylase activity was demonstrated by the iodine reaction. DNA hydrolysis was tested using DNase test agar with methyl green (Difco) supplemented with 5 % NaCl. Pullulan hydrolysis was tested according to Morgan et al. (1979) with the modification that pullulan was added to the culture medium. Hydrolysis of tributyrin was tested on agarsolidified culture medium containing 1 % tributyrin which was autoclaved separately. Ammonia production was determined by Nessler 's reagent in modified medium M13(3i)j10 % NaCl in which the peptone concentration was raised to 2n25 g l −l and glucose was omitted. Dissimilatory nitrate reduction was tested in medium M13(3i)j10 % NaCl supplemented with KNO $ (1n5 g l −l ). The test tubes containing Durham tubes to collect gaseous nitrogen compounds were incubated anaerobically under nitrogen atmosphere. Acid formation from carbohydrate was tested in modified M13(3i)j10 % NaCl medium in which glucose was omitted and 0n05 % gelatin and 0n1% carbohydrate were added. The tubes were incubated aerobically. Fermentation of glucose was tested in the same medium in test tubes containing Durham tubes and under a nitrogen atmosphere. Antibiotic susceptibility was tested on solid M13j10 % NaCl with bioDiscs (bioMe! rieux) which were dispensed with a Sensi Disc-Dispenser (Becton Dickinson). The following tests were performed as described by Smibert & Krieg (1994) : catalase activity, phosphatase activity (method 1), oxidase activity, hippurate hydrolysis (method 2), aesculin hydrolysis and Voges-Proskauer reaction. Peptidoglycan analysis. Preparation of cell walls and determination of peptidoglycan structure were carried out by the methods described by Schleifer & Kandler (1972) with the modification that TLC on cellulose sheets was used instead of paper chromatography. Briefly, 1 mg freeze-dried cell walls were hydrolysed in 0n2 ml 4 M HCl at 100 mC for 16 h (total hydrolysate) and 45 min (partial hydrolysate), respectively. Diamino acids were identified from total hydrolysate by one-dimensional chromatography in a methanol\pyridine\water\10 M HCl (320 : 40 : 70 : 10, by vol.) solvent system. Amino acids and peptides from partial hydrolysate were identified after two-dimensional chromatography, as outlined by Schleifer & Kandler (1972) . The resulting fingerprints were compared with those from known peptidoglycan structures.
DNA base composition determination. DNA was extracted from cells following the procedure of Marmur (1961) and analysis of the GjC content of DNA by HPLC was performed according to Mesbah et al. (1989) . Phylogenetic analysis. The 16S rRNA genes of SH 714 T and Bacillus haloalkaliphilus were amplified by PCR and directly sequenced using a Taq Dye Deoxy Terminator Cycle Sequencing kit (Applied Biosystems) and an automatic DNA sequencer (model 373A ; Applied Biosystems). The closest known relatives of the newly sequenced organisms were determined by performing sequence database searches. These sequences and those of other known related strains were retrieved from the GenBank or Ribosomal Database Project (RDP) libraries and aligned with the newly determined sequence using the program  (Devereux et al., 1984) . The alignment was manually adjusted and approximately 100 bases at the 5h end of the rRNA were omitted from further analyses because of alignment ambiguities and a continuous stretch of 1320 bases was used for distance matrix analysis. A tree was constructed by the neighbour-joining method (using the Kimura 2-correction parameter) and the stability of the groupings was estimated Filobacillus milensis gen. nov., sp. nov. by bootstrap analysis (500 replications) using the programs contained within the same package (Felsenstein, 1989) .
RESULTS AND DISCUSSION
The unknown isolate consisted of motile rod-shaped cells with dimensions 0n3-0n5i3-7 µm. The cells were motile by one laterally inserted flagellum as demon- strated by the procedure of Kodaka et al. (1982 ;  results not shown) and by electron microscopy (Fig. 1a) . The organism produced spherical polar endospores with swollen sporangia. The Gram reaction of very young cultures (6 h) and older ones (up to 12 d old) was negative by both procedures. Ultrathin sections of the cells showed the typical Gram-positive cell wall, i.e. without an outer membrane, with a rather thin H. Schlesner and others peptidoglycan layer ("10 nm, Fig. 1b ) (the width of the peptidoglycan layer for most Gram-positive bacteria is reported to be between 30 and 80 nm ; Tru$ per & Schleifer, 1992) . This might explain the unusual Gram reaction. Both the KOH test and the test for -alanine aminopeptidase showed a negative reaction as reported for Gram-positive bacteria (Gregersen, 1978 ; Cerny, 1978) . Similar observations have been reported earlier : Campbell & Postgate (1965) described a negative Gram stain for Desulfotomaculum nigrificans (ex Clostridium nigrificans) while Sleytr et al. (1969) found the fine structure of the cell wall typical for Gram-positive bacteria. 16S rRNA analyses clearly indicated that Desulfotomaculum species clustered in the Gram-positive bacteria group with low GjC content (Devereux et al., 1984 ; Fowler et al., 1986) . The phototrophic Heliobacteriaceae, grouping phylogenetically near Desulfotomaculum, also give a negative Gram stain (Madigan, 1992) . The Gram reaction of the closest relative of strain SH 714 T , Bacillus haloalkaliphilus, was also negative, though it has been described as a Gram-positive bacterium. Fritze (1996) , however, did not report on the Gram-stain but concluded the Gram-positive character of the cell wall from the negative result of the KOH test. Strain SH 714 T was mesophilic, catalase-positive and oxidase-negative. The organism grew in a range from 2 to 23 % NaCl (optimum 8-14 % NaCl) and had a pH range of 6n5-8n9 with an optimum of 7n3-7n8. Using conventional tests the organism failed to produce acid from -glucose, -galactose, -fructose, -lactose, maltose, mannitol, sucrose, trehalose or -xylose. The isolate hydrolysed DNA, hippurate and tributyrin but not casein, aesculin, gelatin, pullulan or starch. The organism did not reduce nitrate to nitrite. The Voges-Proskauer test was negative. -Alanine-aminopeptidase and phosphatase were not produced. Analysis of the cell wall of the unknown isolate revealed the presence of an -Orn--Glu type murein (variation A4β ; nomenclature of Schleifer & Kandler, 1972) . The 16S rRNA gene of the unknown isolate was amplified by PCR and sequenced to ascertain its phylogenetic position. A near complete 16S rRNA gene sequence was generated ( 1400 bases) and searches of GenBank and RDP databases revealed the unknown organism was most closely related to Bacillus haloalkaliphilus (96 % sequence similarity). Other Bacillus species exhibiting relatively high sequence relatedness with the halophilic isolate were members of rRNA group 1 (Ash et al., 1991) and group 6 (Nielsen et al., 1994) . The treeing analysis confirmed Bacillus haloalkaliphilus was the nearest known phylogenetic relative of the unidentified isolate (Fig. 2) . Bootstrap resampling showed the association between the halophilic rod and Bacillus haloalkaliphilus was highly significant (bootstrap value 100 % for 500 tree replications). Several other halophilic or halotolerant taxa (e.g. Halobacillus species, Virgibacillus species, Gracilibacillus species, Bacillus marismortui, Salibacillus salexigens and Marinococcus albus) were more remotely related and displayed significantly greater sequence divergence values (approx. 6-8 %) with the unknown rod.
A tree constructed by the neighbour-joining method, depicting the phylogenetic relationships of the unknown isolate, is shown in Fig. 2 and demonstrates that the unknown bacterium represents a new subline within the spore-forming rods branching at the periphery of rRNA group 1 Bacillus (Ash et al., 1991) . It is evident from the phylogenetic analysis that the unidentified rod-shaped bacterium recovered from a sandy beach in Greece represents a new subline within the aerobic\facultative anaerobic Gram-positive endospore-forming taxa. Both sequence divergence and treeing topology considerations demonstrate the nearest phylogenetic relative of the unknown bacterium corresponds to Bacillus haloalkaliphilus. This latter species is an obligately alkaliphilic and extremely halotolerant organism originally isolated from alkaline, highly saline mud (Fritze, 1996) . The unknown isolate and Bacillus haloalkaliphilus formed a distinct cluster branching at the periphery of rRNA group 1 Bacillus (Ash et al., 1991) . Some other halophilic taxa also branch proximal to the base of rRNA group 1 Bacillus but were quite separate from the unknown rod-shaped bacterium and Bacillus haloalkaliphilus. Alkaliphilic organisms of rRNA group 6 (Nielsen et al., 1994) form a separate group and were only remotely related to the unknown isolate. The association of the unknown rod and Bacillus haloalkaliphilus was unexpected as these taxa possess quite different cell wall murein structures. Bacillus haloalkaliphilus, in common with the great majority of endospore-forming rod-shaped bacteria, possess a directly cross-linked murein based on m-Dpm (variation A1γ). By contrast, the unknown spore-forming isolate contained a murein type based on -ornithine (type -Orn--Glu). This murein type is somewhat unusual and within the context of this study this particular wall type is found only in Bacillus cohnii, Bacillus insolitus and Halobacillus species. The former two species are members of rRNA groups 1 and 2, respectively, whereas Halobacillus species form a distinct subcluster closely associated with the non-sporeforming Marinococcus albus (Fig. 2) . It is pertinent to note that in addition to cell wall murein structures, the unknown rod-shaped isolate differs markedly from Bacillus haloalkaliphilus in its inability to grow at high pH. The pH ranged from 6n5 to 8n9 with an optimum of 7n3-7n8. By contrast, Bacillus haloalkaliphilus is alkaliphilic, failing to grow at neutral pH and grows at pH 9n7 (Fritze, 1996) . In addition, the unknown isolate differs from Bacillus haloalkaliphilus in hydrolysing DNA, but not aesculin or gelatin, and by its negative oxidase reaction. Bacillus haloalkaliphilus is DNasenegative, hydrolyses gelatin and is oxidase-positive.
It is evident from the phylogenetic analysis that the described spore-forming, rod-shaped isolate cannot be assigned to the genus Bacillus, nor to any of the other currently described spore-forming genera. Although Fig. 2 . Tree showing the phylogenetic inter-relationships of Filobacillus milensis sp. nov. and its closest relatives. The tree constructed using the neighbour-joining method was based on a comparison of approximately 1320 nt. Bootstrap values, expressed as a percentage of 500 replications, are given at the branching points. a , rRNA group 1 according to Ash et al. (1991) ; b , rRNA group 6 according to Nielsen et al. (1994) . Bar, 1 % sequence divergence. Arahal et al. (1999) , Fritze (1996) , Garabito et al. (1997) , Heyndrickx et al. (1998) , Lawson et al. (1996) , Spring et al. (1996) , Wainø et al. (1999) Filobacillus milensis (mi.lenhsis. M.L. gen. n. milensis from the island Milos, Greece, where the organism was isolated).
Data from
Cells are rods, 0n3-0n4i3-7 µm. Cells are motile, one flagellum is laterally inserted. On M13(3i)j10 % NaCl colonies are white, smooth and 1-2 mm diameter. Does not grow (or grows very poorly) in media without NaCl. The NaCl range is approximately 2-23 % with an optimum of 8-14 %. Mesophilic. Temperature optimum is from 33 to 38 mC., maximum growth temperature is between 40 and 42 mC. The pH range of growth is 6n5-8n9 with an optimum between 7n3 and 7n8. Hippurate, DNA and tributyrin are hydrolysed. Aesculin, casein, gelatin, starch and pullulan are not hydrolysed. Acid is not produced from -glucose, -galactose, -fructose, maltose, mannitol, sucrose, trehalose or -xylose. -Alanine aminopeptidase-and phosphatase-negative. Sensitive to ampicillin, chloramphenicol, streptomycin and tetracycline, but not to kanamycin. Other characters as for the genus description. The GjC content of the DNA is 35 mol%. Type strain is SH 714 T (l DSM 13259 T l ATCC 700960 T ), isolated from a beach sediment from Palaeochori Bay, Milos, Greece. Characteristics useful in differentiating Filobacillus milensis species from some other physiologically or morphologically similar species are shown in Table 1 .
